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Abstract. While the constrained minimal supersymmetric standard model (CMSSM) with universal gaug- 
ino masses, m.i/2, scalar masses, mo, and A-terms, Ao, defined at some high energy scale (usually taken 
to be the GUT scale) is motivated by general features of supergravity models, it does not carry all of the 
constraints imposed by minimal supergravity (mSUGRA). In particular, the CMSSM does not impose a 
relation between the trilinear and bilinear soft supersymmetry breaking terms, Bo = Ao — mo, nor does it 
impose the relation between the soft scalar masses and the gravitino mass, mo = w. 3 / 2 . As a consequence, 
tan /3 is computed given values of the other CMSSM input parameters. By considering a Giudice-Masiero 
(GM) extension to mSUGRA, one can introduce new parameters to the Kahler potential which are asso- 
ciated with the Higgs sector and recover many of the standard CMSSM predictions. However, depending 
on the value of Ao, one may have a gravitino or a neutralino dark matter candidate. We also consider the 
consequences of imposing the universality conditions above the GUT scale. This GM extension provides a 
natural UV completion for the CMSSM. 
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1 Introduction 



Minimal supergravity is defined by a Kahler potential 
with minimal kinetic terms (in Planck units) Q, 



One of the most commonly studied variants of the min- 
imal supersymmetric standard model is the constrained 
model (CMSSM) [TJ[2]. This is in part due to its simplic- 
. £h ' (h is specified by four parameters) , and its connection 
^> ' to supergravity [3HS]. The CMSSM also provides a nat- 
5^ , ural dark matter candidate [BJ, the neutralino, for which 
the relic density may be brought into the range specified 
by WMAP [7] relatively easily. Furthermore, these models 
generally predict a relatively light mass for the Higgs bo- 
son (to/j < 130 GeV) [5]. Not only is the theory testable, 
but is currently under scrutiny from the ongoing experi- 
ments at the LHC [5], resulting in strong constraints on 
the CMSSM parameter space, particularly when recent 
constraints from Higgs searches [11] are applied [12]. 

The CMSSM is defined by choosing universal soft su- 
persymmetry breaking parameters input at the grand uni- 
fied (GUT) scale, i.e., the scale at which gauge coupling 
unification occurs. These are the universal gaugino mass, 
mi/2) scalar mass, too, and trilinear term, Aq. The motiva- 
tion of this universality stems from minimal supergravity 
(mSUGRA) and indeed the two theories are often con- 
fused. 



with 



G = K(0\&*,z a ,z* a )+H\W\ 2 ). 



K = Kn — 



(1) 



* + z a z* a , (2) 

where W = f(z a ) + g((f> 1 ) is the superpotential, assumed 
to be separable in hidden sector fields, z a , and standard 
model fields, <fi l . The scalar potential can be derived once 
the superpotential is specified. Assuming that the origin 
of supersymmetry breaking lies in the hidden sector, the 
low energy potential is derived from 



V = e K (k" DiWDjW - Z\W\- 

G 



= e 



(GiG ij Gj — 3 



(3) 



1 There are various usages of mSUGRA in the literature. 
Often mSUGRA is used as another name for the CMSSM. 
We follow the original definition of mSUGRA from Ref. [HE] 
based on a fiat Kahler metric which is clearly distinct from the 
CMSSM. More general Kahler potentials or SUGRA models 
which preserve flavour symmetries are possible. Though these 
are also termed mSUGRA models in the literature, they nec- 
essarily involve additional parameters (such as the GM model 
discussed below). 
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with DjW = d[W + KjW and dropping terms inversely 
proportional to the Planck mass, we can write [5] 



V = 



dg 



+ [A g 



(3) 



B g 



(2) 



h.c. 



■ml /2 0V:,(4) 



where g^ is the part of the superpotential cubic in fields, 
and g( 2 ^ is the part of the superpotential quadratic in 
fields. The trilincar term is given by 



W 3) = U 



dgW 



33 (3) ) m V2 + K a D a f(z)gW . (5) 



(3) 



Note that for trilinears, the first term in Eq. (j5]) vanishes, 
leaving 

A = K a D~J{z) , (6) 

while for bilinears (B-terms - defined in Eq. (0) with the 
replacement g^> —> g^), it is — to 3 / 2 yielding the familiar 
Kahler-flat supergravity relation Bq = Aq — too. In Eq. 
(J3J, the gravitino mass is given by 



the minimization of the Higgs potential at M wea ^. Fur- 
thermore, in the CMSSM, the relation between too and 
the gravitino mass is lost, though scalar mass universality 
is maintained. As a results, phenomenological constraints 
in the CMSSM can be displayed on a (rni/2,TOo) plane, 
for fixed Ao and tan/3. Note the sign of the \i parameter 
must also be specified. In contrast, in mSUGRA models, 
because of the relation between Bq and Ao, tan/3 is no 
longer a free parameter [T3], and we are left with three 
free parameters (rather than four). 

An interesting extension of minimal supergravity is one 
where terms proportional are added to the Kahler 
potential as in the Giudice-Masiero mechanism [15J . For 
example, consider an additional contribution to K, 



AK = c H R x R 2 



h.c. 



(11) 



t 3/2 



(7) 



where ch is a constant, and iii j2 are the usual MSSM 
Higgs doublets. Notice that in string theory ch < 1 is 
needed for the viability of the effective field theory limit [16] 
The effect of AK, is manifest on the boundary conditions 
for both /j, and the B term at the supersymmetry breaking 
input scale, Mi n . The \i term is shifted to 



and the superpotential has been rescaled by a factor e^ t - zz ^ 2 . 
Finally, gaugino mass universality stems from a choice of 
a gauge kinetic term which is of the form h^g = h(z)5 a p- 
Soft terms for matter fields in supergravity have a nice 
geometrical structure. For F-term SUSY breaking, they 
are given by [T3] 



fi + c H m . 



(12) 



m % — m 3/2 ~ RijaP 



{B n) iS = m 2 /2 (2ViGj + G a ViVjG a ) . 
(A y) ijk = m 2 3/2 (3ViVj-Gfc + G Q V i V i V & G a! ) 

Hij = TO 3/2 ^ " 



Note that while in principle we can define an input value 
for (i (/iq), it is not determined by supersymmetry break- 
ing and furthermore, since we solve for /i at the weak scale, 
its UV value is fixed by the low energy boundary condi- 
tion. The boundary condition on [iB shifts from [iBq to 



liB + 2c H ml 



(13) 



ViGj , 



1/2 = ^ Re lm 3/2 9 a h A G a , 



(8) 



where ytjk are Yukawa couplings, Ha are the gauge kinetic 
functions and V,- denotes Kahler covariant derivatives 



where 



ViGj — diGj — r i; jGk 



rh = G kl diG, T 



J I 



(9) 



(10) 



is the Kahler connection. R{j a p is the Riemann tensor of 
the Kahler space spanned by chiral (super)fields. Taking 
into account the known string compactifications, there is 
no reason to believe that they are given by very simple or 
even flavor universal expressions. In order to make contact 
with low-energy phenomenology and in the absence of a 
complete viable string theory model, one is forced, how- 
ever, to resort to simplifying assumptions, for example, 
minimal supergravity as defined in Eq. @. 

In the CMSSM, however, it is customary to drop the 
mSUGRA relation between Bo and Aq. Instead, Bo and 
the Higgs mass mixing term, fj,, are solved using the low 
energy electroweak symmetry breaking conditions, i.e., from 



It is clear therefore, that using the CM mechanism, one 
can avoid altogether a dimensionful quantity in the su- 
perpotential (i.e., one can set g^ — 0) and obtain a weak 
scale /i proportional to c^too. While the extension in Eq. 
([TO is perhaps the simplest extension which affects the 
i?-term, it is by no means unique. However, the GM ex- 
tension is the simplest mechanism to solve the /x-problem, 
that plagues SUGRA realizations of the MSSM. 

In principle, we can also use AK to better connect 
the CMSSM to supergravity. Indeed, by allowing ch ^ 0, 
we can once again fix tan /3 and derive /i and Bfi at the 
weak scale. The presence of the extra term in the Kahler 
potential allows one to match the supergravity boundary 
conditions at Mqut- In particular, by running our derived 
value of B(M\y) up to the GUT scale, we can write 

B{M GUT ) = (A - too) + 2c H mlln(M GUT ) . (14) 



Indeed, we can use Eq. (|14[) to derive the necessary value of 
ch- So long as ch < 0(1), we can associate the CMSSM 
with this non-minimal version of supergravity which we 
will refer to as GM supergravity. 

For numerical computations we employed the program 
SSARD [T7] , which uses 2-loop RGE evolution for the MSSM 
and 1-loop evolution for minimal SU(5) to compute the 
sparticle spectrum. These are passed to FeynHiggs [T5] for 
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computation of the light Higgs boson mass, irih- Through- We show in Fig. Q] the allowed parameter space in a 
out this paper we take the top quark mass m t — 173.1 GeV pj$)7ii/2, too) plane for mSUGRA with Ao = (left) and 
and the running bottom quark mass m]^ {m b ) = 4.2 GeV [2S}4o = 2m (right) (updated from Ref. Q3]). Here, and 



In section (3] we consider this connection between the 
CMSSM and GM supergravity. In particular, we will show 
that for essentially all CMSSM models of interest, the 
values of ch are small enough to remain in the pertur- 
bative regime. We next consider a super-GUT version 
of the CMSSM based on minimal SU(5) for which the 
supersymmetry breaking input scale is increased above 
Mgut [2 1 , 22] . We first demonstrate that in the context 
of mSUGRA, the standard boundary conditions for the 
£?-term are very difficult to satisfy and generally require 
that the coupling, A between the Higgs five-plets and the 
Higgs adjoint is small (close to 0). This is similar to what 
was found for a no-scale supergravity GUT [53] • Gener- 
ally the no-scale sparticle spectrum is problematic unless 
one moves the input supersymmetry breaking scale above 
Mgut [H]- As a consequence, strong constraints can be 
derived on the coupling A [25] . In section I3~2l we will show 
the effect of turning on the coupling ch (now defined as a 
coefficient of the five-plets, l-LxH-i). In this case, CMSSM- 
like planes can be defined, albeit with strong constraints 
on the coupling A. That is, while the boundary conditions 
can be matched, the resulting solution for ch becomes 
wildly non-perturbative. In section l3~31 we show that these 
constraints can relaxed if we turn on an additional con- 
tribution to the Kalher potential, namely czTr£ 2 + h.c, 
which can be associated with the /j, and B terms of the 
Higgs adjoint. This will in principle, lead to a family of so- 
lutions relating ch and cs- Our conclusions will be given 
in section |U 



2 GUT Scale Universality 

We will begin by exploring the bridge between the CMSSM 
and mSUGRA via an addition to the Kahler potential 
when the input supersymmetry breaking scale is Mi n = 
Mqut- The addition to the Kahler potential can be cho- 
sen as given in Eq. ([TTj) . In the CMSSM, [i and B are 
normally solved for in terms of mz and tan /?: 



By, 



i tan 2 /3 + \m\(\ - tan 2 /3) + A 
tan 2 /3-1 + A^ 

hm^ + 2fi 2 )sin2/3 + Z\ B , 



(i) 



(1 2) 

where Ab and A^ ' are loop corrections 



(15) 



and 



77ii 2 are the Higgs soft masses (here evaluated at the weak 
scale). As a result, there is usually a one-to-one correspon- 
dence between B and tan /3, so that there is perhaps a 
single value for tan f3 for which the GUT-scal^EI boundary 
condition, Bq = Aq — too is satisfied. 



2 The GUT scale, Mgut, is defined as the scale where SU(2) 
and U(l) gange couplings unify and is approfimately 1.5 x 
10 16 GeV. 



m subsequent figures, the regions forbidden because the 
lightest supersymmetric particle (LSP) is charged (either 
fi or t\) are shaded brown, the regions excluded by b — > 
s-f [29 are shaded green, the regions favored by — 2 [30] 
at the ±2 — a level are shaded pale pink, with the ±1 — 
a region bordered by dashed curves. The near vertical 
black dashed line is the chargino mass to ± = 104 GeV 
contour and the red dot-dashed lines show contours of 
the Higgs mass, irih as labelled. Unlike the CMSSM, each 
point on the plane corresponds to a value of tan/3 and 
these are shown by the gray-colored curves for tan /3 = 3 
and in increments of 5 (most are labeled on the figure). 
For Ao/mo — 0, much of the plane at large too has small 
tan/3 < 5 and a correspondingly small value of TO/j. For 
Ay/mo = 2, higher values of tan/3 are found and they 
extend up to ~ 39 in the region plotted. 

The dark blue shading in Fig. [1] indicates the region 
where the relic density falls within the WMAP range, 
0.097 < QcDhih 2 < 0.122. We also plotted the limit 
Mlsp = m 3/2 shown as the light blue diagonal line under 
which the gravitino is the LSP. It corresponds roughly to 
the line mo = 0.4m!/ 2 - Another diagonal line (brown dot- 
ted) shows the contour for which the lightest neutralino 
mass to x is equal to the mass of the lighter stau, mf x . For 
Ao/mo = 0, the latter appears below the gravitino LSP 
line, and as such, t\ is never the LSP. As a consequence, 
only the dark blue shaded region at low mi/ 2 above the 
light blue line corresponds to neutralino dark matter at 
the WMAP density. The dark blue shaded region below 
the light blue line corresponds to the gravitino LSP at 
the WMAP density assuming that there is no nonthermal 
contribution to the gravitino density (valid for example in 
models where the inflationary reheat temperature is rather 
low). Here, the gravitino density is determined from the 
relic annihilations of either the neutralino or stau (if be- 
low the dotted line) and fl^^h 2 = (rns/2/m, Xt f 1 )fi Xt f 1 h . 
However, in regions with a gravitino LSP, there are ad- 
ditional constraints from big bang nucleosynthesis (not 
considered here) which may impact its viability [31) . This 
is in fact a conservative constraint as the gravitino relic 
density maybe higher if a large abundance of gravitinos 
are produced during reheating after inflation. 

As shown previously [14] . one observes that an ex- 
tended region respecting the WMAP relic density with 
a neutralino LSP appears for larger values of Ao as a re- 
sult of stau coannihilation [32 as seen in the right panel 
of Fig.[TJ Indeed, for large values of the trilinear coupling, 
the mass of the lighter stau, fi , is lower which pushes the 
coannihilation channel to regions of the parameter space 
where m Xo ~ > too = to 3 / 2 • In this case, it is even 
possible to satisfy WMAP with a relatively heavy Higgs 
(mh > 122 GeV for tan/3 > 37). Notice in this case, be- 
low the co-annihilation strip, there is a region (as in the 
CMSSM) where t\ is the LSP and hence shaded brown. At 
still lower mo, the gravitino is once again the LSP with 
a T\ being the next to lightest supersymmetric particle 
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(NLSP). Note also, that the region excluded by b —> sj 
(shaded green) is significantly more important than the 
case with small Aq. In fact, for Aq / wlq — 2, we see that the 
excluded region is split. This occurs because BR(6 — > 37) 
is too large at small mi/2, falls through the acceptable 
range as vn.x/2 increases, becoming unacceptably small be- 
cause of cancellations over a range of rai/2, before rising 
towards the Standard Model value at large mj/2. 

When the Giudice-Masiero term (fTT]) is included [T5"] . 
one can deduce the (GUT) boundary conditions for /j and 
B 

fi = fi + c H m , (16) 
So = A - m + 2c H m%/nQ ■ ( 17 ) 

Of course the first of these is irrelevant as we still solve 
for \i at the weak scale using (|15|> and /j,q is arbitrary. 
However, Eq. (fTT)) now allows one to solve for B at the 
weak scale for an arbitrary tan j3, and still satisfy the 
GUT scale supergravity boundary condition, thus solv- 
ing for ch- Therefore, relaxing the condition between Aq 
and Bq and considering tan j3 as an input, as is done in the 
CMSSM, is equivalent to "switching on" the coefficient ch 
in Eq. (|17[) . In other words, for a given value of tan /3 and 
Aq, at each point (rai/2,wo) there may exist a single value 
of Ch respecting Eq. (fTT)) . We display the iso-cy contours 
in Fig. [U for A = and tan /3 = 10 and 40. 

The {mi/2,rno) planes shown in Fig. [2] resemble stan- 
dard CMSSM planes [B] as recently updated in [53]. The 
first remarkable result seen in these figures, is the "natu- 
ral" values of ch that one obtains in the region of parame- 
ter space of interest: 0.1 < ch ;$ 1. As might be expected, 
values of ch become very large at small mo, i.e., in the 
gravitino LSP region. While we can forgo the relation be- 
tween Bq and tan j3 in GM supergravity, we can not escape 
the relation 7713/2 = tuq. Thus for tan/? = 10, as seen in 
the left panel of Fig. [21 the WMAP co-annihilation strip 
largely falls in the gravitino LSP region. The unmarked 
contours of ch between 0.5 and -4 correspond to (0.2, 0.1, 
0, -0.1, -0.2, -0.5, -1, -1.5, and -2). The contour for c H = 
is slightly thicker and notice that this corresponds exactly 
to the contour for tan/3 = 10 in Fig. [JJ For tan j3 = 40 as 
seen in the right panel of Fig. O there is a co-annihilation 
strip between m\/2 ~ 300 — 700 GeV which extends to 
Higgs masses up to ~ 119 GeV. However, here, the values 
of Ch ~ 1.5 — 2. The familiar stau co-annihilation region 
is limited to relatively low m^. Towards the upper left 
of this panel, there is a region where there is no consistent 
electroweak vacuum and it is shaded (darker) pink. The 
thin dark blue strip following that border corresponds to 
the focus point region [54"] . 

The parameter plane becomes even more interesting 
if ^4o 7^ as shown in Fig. [3] for Aq/tuq = 2.5 for the 
same two values of tan /3. In each of these panels, we show 
regions shaded brown in the upper left corner correspond- 
ing to the parameter space with a stop LSP. Though it 
is difficult to see, there is a stop co-annihilation 35J strip 
running along side of it, however, in the case of tan j3 = 40, 
this strip is excluded by b — > S7 [33]. For tan/3 = 10 the 
stop co- annihilation strip (with ~ 119 GeV), remains 



viable, however, the stau co-annihilation strip, lies pre- 
dominantly in the gravitino LSP region. 

For tan j3 = 40, there exists a region of the parameter 
space where the model can fulfill the WMAP constraint 
and reach a Higgs mass of 125 GeV for ch — —0.25. We 
can easily understand why higher values of the trilinear 
coupling Aq leads to smaller values for the parameter cjj . 
From Eq. (|17[) . for a given value of mo, increasing Aq re- 
quires a decrease in ch if one is to conserve the same value 
of B at GUT scale (and thus the same value of tan/?). This 
is clearly illustrated by comparing Figs. [5] and [3J where, 
for example, the point m.x/2 = rriQ = 1000 GeV needs 
ch — 0.6 if ^4o = and ch — —0.25 when Aq = 2.5mo- 
This property of the dependence of the ch coefficients 
will play an important role when we will analyze the case 
M in > M GUT . 

In Fig. 2] we show analogous planes for tan (3 = 55 
and A = Q (left) and Aq = 2.0m (right). For Aq = 0, all 
of the regions with acceptable relic density correspond to 
a neutralino LSP. In this case, we see the appearance of 
the rapid Higgs annihilation funnel [21136] where neutrali- 
nos annihilate primarily through s-channel heavy Higgs 
exchange. As one can sec, the funnel lies in an area where 
ch < 1.5 and the Higgs mass reaches ~ 122 GeV. We 
again see a region (in the upper left) with no electroweak 
symmetry breaking and a focus point strip which tracks it 
near the ch = 0.1 contour. For Aq = 2.0mo, the fi being 
even lighter (even tachyonic for low mo), one finds the cor- 
rect relic abundance and ran = 125 GeV for ch = 0.1 (the 
unmarked Higgs mass contours in this panel correspond 
to 125 and 126 GeV). Notice that there is no gravitino 
LSP region for the parameters displayed. 



3 Super-GUT Scale Universality 

While it is common to assume that the input supersym- 
metry breaking scale is equal to the GUT scale, it is quite 
plausible that Mj n may be either below [37] (as in mod- 
els with mirage mediation [35]) or above [2"11|2"2"1I39"H4"T] 
the GUT scale. Here, we will consider the latter. Increas- 
ing Mi n increases the renormalization of the soft masses 
which tends in turn to increase the splittings between the 
physical sparticle masses |39j . As a consequence, the coan- 
nihilation strip is moved to lower values of mi/2 In addi- 
tion, the focus-point strip often moves out to very large 
values of mo. This feature of super-GUT models is essen- 
tial for models such as those described in Ref. [32] in which 
gaugino masses (and ^4-terms) are produced via anoma- 
lies while scalar masses remain equal to m 3 / 2 at Mj n , thus 
requiring very large mo- 

To realize iWj„ > MquTi w ^ need to work in the con- 
text of a specific GUT. Here, we use the particle content 
and the renormalization-group equations (RGEs) of min- 
imal SU(5) [39,43], primarily for simplicity: for a recent 
review of this sample model and its compatibility with ex- 
periment, see [44]. As this specific super-GUT extension 
of the CMSSM was studied extensively in Refs. [2Tll2"5] , 
we refer the reader there for details of the model. 
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Fig. 1. The (m^^mo) planes for minimal supergravity model with Ao/mo = (left) and Ao/mo — 2(right). The relic density 
is within the WMAP range in the blue strip. The pink region between the black dashed (solid) lines is allowed by g M — 2 at the 1-a 
(2-a) level. The gravitino is the LSP below the diagonal light blue line and nif 1 < m x below the brown dotted curve. The brown 
and green colored regions are excluded by the requirements of a neutral LSP, and by b — > s'y, respectively. The contours for ran 
are labeled in the figure and are shown as red dot-dashed curves and the contours for tan ft are shown as solid gray curves. The 
black dashed curve is the m~+ — 104 GeV contour. More details can be found in the text. 




m 1/2 (GeV) m 1/2 (GeV) 



Fig. 2. The (mi/2,mo) planes for CMSSM based on a GM supergravity model with Ao = 0, ch /O and with tan/3 = 10 (left) 
and tan/3 = 40 (right). The meaning of the curves and shaded regions are the same as in Fig. \7\ However, here we show the 
contours of the required value of ch in order to maintain the fixed value of tan /3 across the plane. For tan /3 = 40, it is not 
possible to satisfy the electroweak symmetry breaking conditions in the the dark pink shaded region at low mwa and high mo. 
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Fig. 3. As in Fig. \^ with Ao/mo = 2.5, and tan /3 = 10 (left) and tan f3 — 40 (right). The brown shaded triangular region in the 
upper left of the figures has a stop LSP (or tachyonic stop). For tan/3 = 40, there is a also a brown shaded region with a stau 
LSP (above the gravitino region in the lower right). 



We note here that in our super-GUT framework, we 
integrate out all extra multiplets at the scale Mqut, so 
the theory below Mgut has the same field content as in 
the MSSM. However, this differs from the CMSSM, as the 
RGE running above the GUT scale generates a particular 
non- universal pattern for MSSM soft terms at Mgut- This 
model then also differs from commonly studied NUHM 
models [45], where the non- universality is present only in 
the Higgs soft masses. Here, gaugino masses as well as 
sfermion masses are non- universal at Mgut- The degree 
of non-universality will depend on Mi n as well as GUT- 
specific couplings. Furthermore because of the matching 
at Mqut of the £?-terms (there are two in minimal SU(5)), 
the mSUGRA relation between the MSSM A and B-terms 
will not hold at Mqut (though an analogous relation at 
Mi n will be valid) and hence the superGUT theory we de- 
scribe is (in principle) distinguishable from mSUGRA and 
thus have the appearance of a more general SUGRA model 
with non-universal soft masses. Thus while the mSUGRA 
model we describe is a subset (a one-parameter reduction) 
of the CMSSM, mSUGRA and the CMSSM are only part 
of the superGUT family in the limit that Mi n — > Mgut- 

The model is defined by the superpotential 



W 5 = fi s Tr £ 2 + \\' Tr £ 3 + Mir#i#2 + XHiSHi 
6 



where <pi (ipi) correspond to the 5 (10) representations of 
supcrficlds, £(24), "Hi (5) and ?^2(5) represent the Higgs 
adjoint and five-plets. Here i,j — 1..3 are generation in- 
dices and we suppress the SU(5) index structure for brevity. 



There are now two /i-parameters, /in and fj,s, as well as 
two new couplings, A and A'. Results are mainly sensitive 
to A and the ratio of the two couplings. In what follows, 
we will fix A' = 1. 

In the context of GM supergravity, the Kahler poten- 
tial can be written as 



K = K + c H Ui%2 



-Cs Tr £ + h.c. , 



(19) 



where Hi t 2 are scalar components of the Higgs five-plets 
and E is the scalar component of the adjoint Higgs. Thus 
in principle, we have two extra parameters which can be 
adjusted to relate the CMSSM and supergravity boundary 
conditions for Mi n > Mgut- 

The breaking SU(5) ->■ SU(3) C x SU(2) L x U(1) Y 
arises from the Standard- Model singlet component £24 , 
that develops a vev of O(Mgut), 

(£) = (a) diag(2, 2, 2, — 3, — 3). The latter can be decom- 
posed as 



(20) 



where a and J-24 are, respectively, the scalar and auxiliary 
field components of the supcrficld a. Note that since SU(5) 
is broken at the scale (a) ~ Mgut and the supersymme- 



(18) try breaking scale is ~ M wea k, the dominant contribution 



to the scalar component vev is W24 = 2v30/^i;/A' and is 
O(Mgut), while the corresponding contribution to the 
auxiliary field is of the order of the weak scale. 

Ignoring the couplings to matter fields, the correspond- 
ing scalar potential including soft SUSY-breaking lagrangian 
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Fig. 4. As in Fig. [J| with tan /3 = 55 , and Ao/mo = (left) and Ao/mo = 2.0 (right). 



terms is 
V(Hi,H2,o) 



dW 5 


2 


dW 5 


2 


dW 5 


dUi 


+ 


dH 2 


+ 


da 



(Ann + 2 m A m + mi il )\Hi\ 2 
{A m 2 + 2 m A m + m^ 2 )\H 2 \ 2 
^ 2 



{Aii E 2 + 2 l x s A l i s + m%)\a\ 2 



\b r a 2 



1 



6V30 
A' 



A x ,\'a 3 
A[i H o\a\ 2 
(21) 



1 /6 

2 V 5^^^ lCr *^ 2 + h - c - 



The additional terms in the Kahler potential (|19p intro- 
duce new terms in the scalar potential that are of sim- 
ilar structure to those coming from the superpotential 
/x-terms. Therefore it is convenient to define effective [i 
parameters as 

frs = Us + Ave , (22) 
such that at the scale M,-„ , 



fts{M in ) = ns{M m ) + c s m , 



(23) 



and similarly for fin- We also define an effective b = B/i 
term as 

bs = b s + Ab s , 



which at Mj„ is given by 

MM in ) = b E {M m ) + 2c E m 2 . 



(24) 
(25) 



and similarly for bn- 

Then, at the scale Mj n , we impose universal SUGRA 
boundary conditions 

m = m-g = toio = m Ul = m H2 = m s , 
A Q = A z = A w = A x = A y , 
mi/2 = M 5 , (26) 

where M 5 is the SU(5) gaugino mass, and evolve all pa- 
rameters to Mqut using the SU(5) RGEs. In addition, we 
must impose the SUGRA relation on B-terms, 



B H = B s = S = A - m . 



(27) 



At the GUT scale, the SU(5) parameters must be matched 
to their MSSM counterparts. This matching has been stud- 
ied carefully in Ref. [JB] , and we make use of their results 
here. Of interest to us here, are the matching conditions 
for the and i?-terms. 

The MSSM Higgs bilinears /i and B can be expressed 
in terms of SU(5) parameters as 



A* = m 



b = Bfi = bn 



A(o-) = fl 2 + Sfi 2 , 
\(A x {a) + (F 2i )) 



Sb 2 



(28) 



B 2 and fj, 2 (and therefore b 2 ) are the corresponding bilin- 
ears of the electroweak doublets inside the five-plets and 
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M2 = fJ>H - 6 ^7A*^ 
A 
A 



8^2 



6—(B s - A* - A(x s ), 
b~H - 6^/j,e{A\ - A x - + B E ) 
B Hf i 2 + Ab H + 6^eA 



Sb 2 = -6- [(B s - A x >)(Be - A x ) + r 
+(A X - A v )AfiE + Ab E ] , 



(29) 



where [i2 = p,2~ A^h- The quantity A = Bh — Ax — Be — 
A\i that appears in the third expression of ([29"]) is RGE 
invariant (at one loop) and it is equal to zero by universal 
boundary conditions (|2"o]) and (1271) . The first of the ex- 
pressions in (|29p represents the well-known doublet-triplet 
fine-tuning which balances the two GUT-scale quantities, 
/in and \xe to obtain the weak-scale /j, 2 - 

Note that the MSSM parameters [i and b are fixed at 
the weak scale by the minimization of the Higgs poten- 
tial as in the CMSSM. These quantities can be run up to 
the GUT scale using common MSSM RGEs. While the 
couplings A and A' are fixed at the GUT scale, they can 
be run up to Mi n so that the quantities 8^2 and 8b 2 can 
be unambiguously fixed at Mi n . Both of these depend on 
the GM parameter ce- With the help of the RGE's given 
below, 8[i2 and 8b 2 can be run down to Mgut- At Mgut-i 
the quantities /12 and 62 are computed using expressions 
(|28p and need to be evolved back to M, n . At Mj n , the 
SUGRA boundary conditions for 62 allow us to solve for 
Ch (for a given ce) leading to the expression 



CH 



b 2 + (m - A )/2 2 
to (3to - A ) 



(30) 



From their expressions (129)) we scc0 that ^2 and b~2 
evolve as and bn, respectively, i.e. their RGEs are 



djl 2 


1 


dt 


16tt 2 


db 2 


Ie 


dt 


16tt 2 




+ A 




8tt 2 



/'-2 



A8hi 



10 

48/^ + 2/i| + — A 



48 , 2 48 o 
24+-A 2 -- 55 2 



48A 10 fti„ + 2A- S h- 



48 o 
-A,A 2 



48 



-9 5 



(31) 



On the other hand, Zi/ij; and are set at M% n by (|23[) 
and ([25]) and need to be evolved down to Mgut- Their 



3 The quantity Xfxs = X'v24 evolves as fj,H, hence fi2 and 62 
evolve as fin and respectively [JB]. Quantities jln and &h 
evolve also as \ih and bn, since they are represent the same 
terms in the Lagrangian. 



RGEs are the same as the ones for he and bs, respectively: 
dAfiE 



dt 

dAb s 
dt 



+ 



1 

8^ 

AbE 

8tt 2 

AjXE 

8tt 2 



Ahi 



21 
20 



A' 2 -10 ff5 2 



A 2 + 



21 \' 2 in 2 
20 A 



2AxY 



—AyX' 2 
20 



20M 55 2 



(32) 



Other relevant RGE's can be found in Refs. [21121)1 155] . 

We now successively consider the impact of M,„ > 
Mgut in the context of supergravity. We first turn off 
the GM terms, which leave us with an mSUGRA model 
with Mi n > Mgut- Next, as in the previous section, we 
consider the effect of ch 7^ 0, which will already allow us to 
break the mSUGRA relation for 62 as seen in Eq. (l29l) by 
the additional term Abu- As we will see, in some portions 
of the parameter space, ch is rather large and we explore 
the possibility that Ch can be adjusted by taking ce 7^ 0. 



3.1 ch = 0,c s =0 

As noted earlier, imposing the boundary conditions at 
Mi n > Mgut dramatically changes the picture of the 
mSUGRA model. In Fig. [5] we show the (rni/2, no) plane 
for mSUGRA with M m = 10 17 GeV, A Q = 0, and A = 
(left) and A = 0.1 (right). This should be compared with 
Fig. Q] with GUT scale universality. The region where the 
mfj < to x has effectively disappeared. The region where 
the relic density matches the WMAP determination is 
present only in the lower left corner of the figure. Once 
again, tan (3 is solved at each point, and we show contours 
of fixed tan /3. 

However, as one can see in the right panel of Fig. [S] a 
non-zero value for A, even as small as 0.1, can almost en- 
tirely close the mSUGRA parameter space due to the lack 
of solutions to the electroweak symmetry breaking condi- 
tions at the weak scale. This behavior can be understood 
from the b-term. For vanishing Aq, 62 starts out negative 
at Mi n . The running of the b-term is small because the 
gauge and yukawa contributions are opposite and almost 
cancel each other. As a result, B < and small values 
of tan/3 are required to satisfy the EWSB condition ([15]) . 
As A increases, B is driven more negative because of the 
increasingly negative contribution from 8b2 ■ This leads to 
quickly diminishing values of tan/3 until the EWSB con- 
dition can no longer be satisfied [25]. This conclusion is 
amplified if Mi n is increased further. Since the results are 
qualitatively similar, we keep Mi n fixed at 10 17 GeV. For 
higher value of A, there are no solutions to the supergrav- 
ity boundary conditions which yield a solution for tan/3. 
For A > 0.5, the entire space (for the parameter range 
shown) is closed. 

Increasing the value of Aq reopens the parameter space 
because it increases the value of 62 (-Min); and, since its 
contribution to the RGE between Mgut and M wea k is 
negative, it can counterbalance the influence of A. As seen 
in Fig. [5] for Aq = 2toq the EWSB condition can easily be 
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k = 0, k' =1, M in = 10 17 GeV, Ao/m = 0, ji > 




m 1/2 (GeV) 

Fig. 5. As in Fig. QJ but for the minimal SU(5) with Ao/mo 
(right). 

satisfied over the entire parameter plane. However, larger 
Aq also lowers sfermion masses due to RGE effects and 
increased left-right mixing. For A = 0, as seen in the left 
panel of Fig. [6l a region with m,f x < m x has reappeared, 
now to the right of plane, a portion of which is above 
the gravitino LSP line, and thus shaded brown. There is 
another brown shaded region to the left of the plane, where 
< m x . As in the right panel of Fig. [TJ there is also a 
large region where the constraint from b — > sj is relevant. 
As expected, values of tan /3 and mh are higher relative to 
the case with Aq = 0. 

When A = 0.1 as in the right panel of Fig. [5J values 
of tan (3 are very different demonstrating the dependence 
on the ratio A/A' in Eq. (|2T))) . In this case, the stop co- 
annihilation region is pronounced and there is a region 
of good relic density which tracks along side of it with 
rrih ~ 119 GeV. As mentioned earlier, larger A leads to 
smaller values of tan/3. This, in turn, lowers the t\ mass 
so that the excluded stop-LSP region grows larger in the 
right panel. Smaller tan j3 has the opposite effect on the fi 
mass: a smaller tau Yukawa coupling produces a smaller 
downward push in the m? n running, and since fi ~ tr, 
m-?! becomes larger. Hence, the stau-LSP excluded region 
disappears in the right panel. For couplings A > 0.8, we 
again lose our ability to solve for tan /3. 

As in the case of GUT-scale universality, we can in 
principle, restore some of the conclusions found for the 
CMSSM with M in > M GUT , by considering GM super- 
gravity. In the next section, we will analyze how these dif- 
ferent contributions affect the CMSSM parameter space 
and determine the required values of ch- 



X = 0.1, k' =1, M in = 10 17 GeV, Ao/m,, = 0, \i > 



<U 2000- 




m 1/2 (GeV) 

= 0, M in = 10 17 GeV, A' = 1, and A = (left) and A = 0.1 



3.2 c H ^Q,c s = 

Next we show results for M in = 10 17 GeV when we allow 
ch 7^ 0. As in the case of GUT input scale supersymmetry 
breaking, with ch ^ 0, we can in principle fix tan/3 and 
solve for ch for any given m\/%, too and Aq. When cs = 0, 
the expression for 802 takes its mSUGRA form and 
the boundary condition for b 2 is once again, b^Mm) = 
(Aq — mo)/j,2(Mi n ) + 2chitiq, where /^(-^in) is determined 
by running ii2(M GUT ) = fi(M GUT ) - 5/j, 2 (Mcut) up to 

For tan/? = 10, shown in Fig. [71 we see a viable re- 
gion for neutralino dark matter only for A = along the 
focus point strip. (The blue strip here lies under the con- 
tour for ch — 0.) In fact, this plane resembles that in 
Fig. [SJ with contours of tan j3 being replaced by contours 
of Ch and a different slope for the Higgs mass contours. 
Values of ch are acceptable except at high m.1/2 and low 
Too- Notice that unlike the case for ch — 0, the param- 
eter space does not 'close' when A is increased. In fact, 
in the right panel of Fig. [JJ we show results for A = 1, 
a value that would not be possible in mSUGRA (or in 
the no-scale supergravity [3S]). We see that for A = 1 the 
focus point region is pushed to extremely high values of 
too (in excess of 15 TeV). This is due to the additional 
downward push from the trilinear couplings in the Higgs 
mass-squared RGEs that makes /1 larger 21 . Also val- 
ues of ch are significantly higher now: ch > 6 everywhere 
across the plane (the gravitino LSP boundary almost co- 
incides with the ch = 10 contour in this case). 

In Fig. |H we show results for ch for higher values of 
tan/3 = 40 and 55 with A = and A = 0. For tan /} = 40, 
the parameter plane is similar to that for tan/3 = 10, 
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Fig. 6. As in Fig. \^with Ao/mo = 2, again with A = (left) and A = 0.1 (right). 
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Fig. 7. As m Fig.\gwith tan/3 = 10, A /m = 0, M ln = 10 17 GeV, A' = 1, and A = (left) and A = 1 ('riff/i^. 



with slightly higher values of ch and a more prominent 
constraint from b — > 57. Again, the focus point strip is the 
only real viable strip for neutralino dark matter. For the 
larger value of tan/3 = 55, we see the appearance of the 
rapid annihilation funnel with cjj *~ 1 and Higgs masses 
up to 122.5 GeV. The focus point strip is now clearly 
seen. The effect of increasing A can be ascertained from 
comparing the left and right panels of Fig. [71 For both 
tan/3 = 40 and 55, the focus point region (and the region 



with no electroweak symmetry breaking) will be pushed 
beyond the scope of the figure for A > 0.5 [3T], and Ch 
values will be higher. In fact, in both cases, the contours 
for ch will be in roughly the same position as seen in the 
right panel of Fig. [7J 

Also notice a there is a wispy secondary WMAP com- 
patible strip for A = at my 2 > 1000 GeV just above 
the Ch = 1 contour. Here mfj — which enhances 

f\ pair annihilation through A and H Higgs bosons in the 
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s— channel. That enhancement allows one to overcome the 
suppression in stau coannihilation due to large \ ~~ "Ti mass 
gap and lowers fi x h 2 to the WMAP range. 

As in the case of GUT scale supergravity, going to 
higher values of Ao/mo provides solutions with higher 
Higgs masses. The case for tan/3 = 10 and Ao/m — 2.0 
is shown in Fig. [S] Here again, we have a viable stop co- 
annihilation strip, now with relatively high Higgs masses 
m/j ~ 124 GeV. For example, for m 1 / 2 ~ 500 GeV and 
mo = 2500 GeV, m x ~ 240 GeV and one can obtain a 
neutralino relic density in the WMAP range due to coan- 
nihilations with a light stop (m^ ~ 270 GeV). At this 
value of mo, all other sfermions masses are > 1700 GeV 
and as a consequence, the contributions to b — > 57 and 
B s — > fi + ' n~ are acceptably small. Of course at this value 
of mo, there is no way to resolve the — 2 discrepancy. 
As seen in the figure m,h ~ 124 GeV and ch = —0.36 at 
this particular point. 

While we are now free to increase A as seen in the right 
panel of Fig. U2 where A = 1, we see that the (mi/2,mo) 
plane now looks very different. A larger value of A causes 
an increased downward push of the Yukawa terms in the 
Axq RGE, resulting in a smaller value of A t at Mqut- This 
in turn reduces the downward push in m~ running below 
Mqut through the top Yukawa coupling, resulting in a 
larger value at M wea k- Consequently, t\ becomes heavier, 
for given values of mo and my 2 , and the stop LSP region 
and the stop co-annihilation strip are moved to higher mo 
values beyond the limit of the frame plotted. In addition, 
as we have seen before, values of ch are now significantly 
higher. 

The plane for tan /3 = 40 is shown in Fig. []JJ At first 
sight, the left panel with A = 0, resembles closely the plane 
shown in Fig. [5] However, this should not be a surprise as 
the mSUGRA solution for tan/3 with M in = 10 17 GeV 
and Aq/itiq = 2, is around 40. Indeed, the ch = contour 
in Fig. [10] matches the tan (3 — 40 contour in Fig. [6] In this 
case, there are some regions with neutralino dark matter 
along the stau co-annihilation strip with m/j ~ 120 GeV. 
For larger A = 1, the co-annihilation strip is somewhat 
diminished, but again, we see that values of ch are now 
significantly higher. For still higher values of tan/3 with 
Ao/mo = 2 and Mj„ = 10 17 GeV, we lose the ability to 
generate sensible spectra (non-tachyonic or neutral LSPs). 
Therefore we do not show the analogous plane for tan j3 = 
55. 

As in the left panel of Fig. [8j there is also a wispy 
secondary WMAP compatible strip for A = 1 at large 
mi/2 and m ~ (1200 — 1500) GeV due to rapid s-channel 
?i annihilation. 



3.3 c H ^0,c s ^0 

The potential problem of large values of Ch seen in the 
previous subsection can in principle be alleviated by turn- 
ing on the second GM parameter, eg. This allows us to 
more easily satisfy the supergravity boundary conditions 
for reasonable values of both ch and c^- 



One of the reasons that solutions for mSUGRA or 
no-scale supergravity with Mj„ > Mqut are only ob- 
tained when A/A' is small, is the matching of the 6-term 
in Eq. (J2SJ) at Mqut- Since b is dependent on tan/3, and 
b 2 and 8b 2 are fixed by boundary conditions, there is little 
flexibility in the matching condition. When A/ A' is order 
1, the contribution from 5b 2 is significant and matching 
at any value of tan /3 is not guaranteed. While this prob- 
lem is alleviated when ch 7^ 0, we still have no guarantee 
that a particular solution will result in a reasonable value 
of ch- From the definitions in Eq. (|2"TJ)) . we see that in 
principle, a non-zero Cs can be used to effectively cancel 
other contributions in 5b 2 . That is we can insure that Sb 2 
is small even though A/ A' is not. Of course we have no 
guarantee that a reasonable value of cs can accomplish 
this cancellation. 

In the left panel of Fig. [TTJ we have chosen four points 
with mi/2 = 1000 GeV and tan/3 = 40; with mo = 
200 GeV and 1000 GeV for A = and for A = 2m . All 
four of the points have relatively high ch when eg = 0. As 
one can see, the dependence of ch on cs depends heav- 
ily on the particular point. We can get some idea of what 
drives this behavior from Eq. (|30p . ch is proportional to 
jx 2 which (at the GUT scale) is \i — 8fi 2 . The latter is 
linear in c^m-o. When mo is small, the change in jl 2 is 
moderate and cs is determined by the behavior of b 2 /fl 2 
as compared with Aq — mo- This could lead to a positive 
or negative slope. For the particular cases shown, we see 
a negative slope when A = 2mo, and a nearly flat de- 
pendence when Aq = 0. In contrast, when mo is large, 
the effect on jl 2 dominates leading to a positive slope. In 
the right panel, we see the relative insensitivity to Aq and 
tan /3 when mo is large. Indeed, in these cases, it is possible 
to dial down ch using reasonably small values of Cs ■ 

4 Conclusions 

While often confused in the literature, the CMSSM and 
mSUGRA are not equivalent theories nor do they gener- 
ate the same low energy phenomenology. The CMSSM is 
a four-parameter theory (actually five if you include the 
gravitino mass). mSUGRA instead is a three-parameter 
theory. It is also well known that the extra degrees of 
freedom in the CMSSM permit the theory to yield a more 
successful phenomenology, and in particular, it more easily 
accommodates the existence of a dark matter candidate 
with the correct relic density [T4"ll47| . 

There is however a natural bridge between the two the- 
ories. By minimally extending the Kahler potential by in- 
cluding an additional term of the form given in Eq. (ITT)) [T5] , 
which introduces one new parameter, one can restore many 
of the predictions from the CMSSM consistent with a UV 
completion based on supergravity. However in this case 
(like in mSUGRA), the gravitino mass remains associated 
with mo leaving open the possibility for a gravitino dark 
matter candidate. Here, we have shown that not only is 
it possible to reformulate mSUGRA in this way, but it 
is possible with reasonably small values of the new pa- 
rameter, ch- In the case of GUT scale mSUGRA models, 
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Fig. 8. As in Fig.\^with A /m = 0, M in = 10 17 GeV, A = 0, A' = 1, for tan /3 = 40 (7e/tj and tan/3 = 55 (right). 
X = 0, A,' =1, M in = 10 17 GeV, tan (3 = 10, (x > A, = 1, A' =1, M in = 10 17 GeV, tan p = 10, (X > 
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Fig. 9. As in Fig. \][ with tan/3 = 10, A /m = 2, M ln = 10 17 GeV, A' = 1, and A = (7e/t) and A = 1 (right). 



regions with an acceptable neutralino dark matter den- 
sity are found for relatively large values of Aq/ttiq. For 
Ao/m,Q = 2, there is an extended stau co- annihilation strip 
with nth ~ 120 GeV. Therefore, most of the promising 
prediction of the CMSSM can be recovered in GM super- 
gravity including the possibility of a relatively heavy Higgs 
boson, with mass around 125 GeV. 

Like the case of no-scale supergravity [2S] , in mSUGRA 
with a superGUT supersymmetry input scale, the extended 



running from M,„ to Mqut makes the phenomenology 
more difficult, and it is difficult to find solutions for tan/3. 
In essence, Sb2 in Eq. (|29[) is relatively large unless the 
ratio A/ A' is small. For A = 0, solutions for tan /3 are read- 
ily obtained as we saw in Figs. [5] and |51 At low Ao/mo, 
solutions for tan (3 require a very small ratio of the SU(5) 
Higgs couplings. At higher A /m , we did find solutions 
for neutralino dark matter along a stop co-annihilation 
strip but this still required relatively low A/ A'. Once again, 
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Fig. 10. As in Fig. p7| with tan/3 = 40, A /m = 2, M ln = 10 17 GeV, A' = 1, and A = (1e/y and A = 1 (right). 
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Fig. 11. The resulting value of ch as a function of an input value of ce for several particular choices of the superGUT 
parameters. 



the difficulty in finding solutions for arbitrary A/ A' can, in 
principle, be overcome by introducing a GM extension. In 
this case, we can add two terms to the Kahler potential as 
in Eq. fllUl) . Adding ch alone is sufficient for obtaining so- 
lutions for arbitrary tan/3. However, unlike the proceeding 
GUT case, here we often find that ch is large (> 1) par- 
ticularly when A/ A' is large. In some cases, (for example 
at large too), ch can be tuned down by allowing non-zero 

Ultimately we hope that it will be experiment that 
sheds light on the viability of these CMSSM/mSUGRA 
theories. Here we have tried to explicitly construct a UV 
completion to the CMSSM consistent with supergravity 
in both the case with GUT scale input supersymmetry 
breaking and with an input scale above the GUT scale. De- 



spite the extra degree of freedom associated with the lat- 
ter, the additional running from the input scale to Mqut 
presents some phenomenological challenges. 



5 Acknowledgements 

The work of E.D. was supported in part by the ERC Ad- 
vanced Investigator Grant no. 226371 "Mass Hierarchy 
and Particle Physics at the TeV Scale" (MassTeV), by the 
contract PITN-GA-2009-237920. The work of E.D. and 
Y.M. was supported in part by the French ANR TAPDMS 
ANR-09-JCJC-0146. The work of A.M. and K.A.O. is sup- 
ported in part by DOE grant DE-FG02-94ER-40823 at the 
University of Minnesota. 



14 



Dudas et al.: Relating the CMSSM and SUGRA models 



References 



1. M. Drees and M. M. Nojiri, Phys. Rev. D 47 (1993) 
376 [arXiv:hep-ph/9207234]; H. Baer and M. Brhlik, 
Phys. Rev. D 53 (1996) 597 [arXiv:hep-ph/9508321]; 
Phys. Rev. D 57 (1998) 567 [arXiv:hep-ph/9706509]; 
H. Baer, M. Brhlik, M. A. Diaz, J. Ferrandis, P. Mer- 
cadante, P. Quintana and X. Tata, Phys. Rev. D 
63 (2001) 015007 [arXiv:hep-ph/0005027]; G. L. Kane, 
C. F. Kolda, L. Roszkowski and J. D. Wells, Phys. Rev. 
D 49 (1994) 6173 [arXiv:hep-ph/9312272]; J. R. Ellis, 
T. Falk, K. A. Olive and M. Schmitt, Phys. Lett. B 
388 (1996) 97 [arXiv:hep-ph/9607292]; Phys. Lett. B 413 
(1997) 355 [arXiv:hep-ph/9705444]; J. R. Ellis, T. Falk, 

G. Ganis, K. A. Olive and M. Schmitt, Phys. Rev. D 
58 (1998) 095002 [arXiv:hep-ph/9801445]; V. D. Barger 
and C. Kao, Phys. Rev. D 57 (1998) 3131 [arXiv:hep- 
ph/9704403]; J. R. Ellis, T. Falk, G. Ganis and K. A. Olive, 
Phys. Rev. D 62 (2000) 075010 [arXiv:hep-ph/0004169]; 
V. D. Barger and C. Kao, Phys. Lett. B 518 (2001) 
117 [arXiv:hep-ph/0106189]; L. Roszkowski, R. Ruiz dc 
Austri and T. Nihei, JHEP 0108 (2001) 024 [arXiv:hep- 
ph/0106334]; A. Djouadi, M. Drees and J. L. Kneur, 
JHEP 0108 (2001) 055 [arXiv:hep-ph/0107316]; U. Chat- 
topadhyay, A. Corsetti and P. Nath, Phys. Rev. D 
66 (2002) 035003 [arXiv:hep-ph/0201001]; J. R. Ellis, 
K. A. Olive and Y. Santoso, New Jour. Phys. 4 (2002) 32 
[arXiv:hep-ph/0202110]; H. Baer, C. Balazs, A. Belyaev, 
J. K. Mizukoshi, X. Tata and Y. Wang, JHEP 0207 (2002) 
050 [arXiv:hep-ph/0205325]; R. Arnowitt and B. Dutta, 
arXiv:hep-ph/0211417. 

2. J. R. Ellis, T. Falk, G. Ganis, K. A. Olive and M. Srednicki, 
Phys. Lett. B 510 (2001) 236 [arXiv:hep-ph/0102098] . 

3. E. Cremmer, B. Julia, J. Scherk, P. van Nieuwenhuizen, 
S. Ferrara and L. Girardello, Phys. Lett. B 79, 231 (1978); 
E. Cremmer, B. Julia, J. Scherk, S. Ferrara, L. Girardello 
and P. van Nieuwenhuizen, Nucl. Phys. B 147, 105 (1979); 
For reviews, see: H. P. Nilles, Phys. Rep. 110 (1984) 
1; A. Brignole, L. E. Ibanez and C. Munoz, arXiv:hep- 
ph/9707209, published in Perspectives on super symmetry, 
ed. G. L. Kane, pp. 125-148. 

4. A. H. Chamseddine, R. L. Arnowitt and P. Nath, 
Phys. Rev. Lett. 49, 970 (1982); R. L. Arnowitt, 
A. H. Chamseddine and P. Nath, Phys. Rev. Lett. 50, 
232 (1983); R. Arnowitt, A. H. Chamseddine and P. Nath, 
arXiv : 1 206. 3 1 75 [physics .hist-ph] . 

5. R. Barbieri, S. Ferrara and C. A. Savoy, Phys. Lett. B 119, 
343 (1982). 

6. J. R. Ellis, K. A. Olive, Y. Santoso and V. C. Spanos, 
Phys. Lett. B 565 (2003) 176 [arXiv:hep-ph/0303043]; 

H. Baer and C. Balazs, JCAP 0305, 006 (2003) [arXiv:hep- 
ph/0303114]; A. B. Lahanas and D. V. Nanopoulos, Phys. 
Lett. B 568, 55 (2003) [arXiv:hep-ph/0303130]; U. Chat- 
topadhyay, A. Corsetti and P. Nath, Phys. Rev. D 68, 
035005 (2003) [arXiv:hep-ph/0303201]; C. Munoz, Int. J. 
Mod. Phys. A 19, 3093 (2004) [arXiv:hep-ph/0309346]; 
R. Arnowitt, B. Dutta and B. Hu, arXiv:hep-ph/0310103. 
J. Ellis and K. A. Olive, arXiv:1001.3651 [astro-ph.CO]. 

7. E. Komatsu et al. [WMAP Collaboration], Astrophys. J. 
Suppl. 192 (2011) 18 [arXiv:1001.4538 [astro-ph.CO]]. 

8. J. R. Ellis, D. V. Nanopoulos, K. A. Olive and Y. Santoso, 
Phys. Lett. B 633, 583 (2006) [arXiv:hep-ph/0509331]. 



9. G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 710, 
67 (2012) [arXiv: 1109.6572 [hep-ex]]. ATLAS Collabora- 
tion, 

http : / / cdsweb. cern. ch/record/1383835/f iles/ 
ATLAS-C0NF-2011-132.pdf; S. Chatrchyan et al. [CMS 
Collaboration], Phys. Rev. Lett. 107, 221804 (2011) 
[arXiv:1109.2352 [hep-ex]]. CMS Collaboration, 
http : //cdsweb . cern . ch/record/1378096/f iles/ 
HTG-ll-020-pas.pdf; S. Chatrchyan et al. [CMS Col- 
laboration], Phys. Rev. Lett. 107, 191802 (2011) 
[arXiv:1107.5834 [hep-ex]]. R. Aaij et al. [LHCb Collab- 
oration], Phys. Lett. B 699 (2011) 330 [arXiv:1103.2465 
[hep-ex]]. 

10. O. Buchmueller, et al, Eur. Phys. J. C 72, 1878 (2012) 
[arXiv:1110.3568 [hep-ph]]. 

11. The most recent combination of ATLAS and CMS results 
may be found in: ATLAS and CMS Collaborations, 
https : //cdsweb . cern. ch/record/ 1399607/f iles/ 
HIG-ll-023-pas.pdf; ATLAS Collaboration, Phys. Lett. 
B 710, 49 (2012) [arXiv: 1202. 1408 [hep-ex]]; Phys. Rev. 
Lett. 108, 111803 (2012) [arXiv: 1202. 1414 [hep-ex]]; 
Phys. Lett. B 710, 383 (2012) [arXiv: 1202. 1415 [hep- 
ex]]; arXiv: 1202. 1636 [hep-ex]; CMS Collaboration, JHEP 
1204, 036 (2012) [arXiv: 1202. 1416 [hep-ex]]; Phys. Lett. 
B 710, 403 (2012) [arXiv: 1202. 1487 [hep-ex]]; Phys. Lett. 
B 710, 26 (2012) [arXiv: 1202. 1488 [hep-ex]]; Phys. Lett. B 
710, 91 (2012) [arXiv: 1202. 1489 [hep-ex]]; arXiv: 1202. 1997 
[hep-ex] . 

12. H. Baer, V. Barger and A. Mustafayev, Phys. Rev. 
D 85, 075010 (2012) [arXiv: 11 12.3017 [hep-ph]] and 
arXiv:1202.4038 [hep-ph]; J. L. Feng, K. T. Matchev 
and D. Sanford, Phys. Rev. D 85, 075007 (2012) 
[arXiv:1112.3021 [hep-ph]]; S. Heinemeyer, O. Stal 
and G. Weiglein, Phys. Lett. B 710, 201 (2012) 
[arXiv:1112.3026 [hep-ph]]; A. Arbey, M. Battaglia, 
A. Djouadi, F. Mahmoudi and J. Quevillon, Phys. Lett. 
B 708, 162 (2012) [arXiv: 11 12.3028 [hep-ph]]; P. Draper, 
P. Meade, M. Reece and D. Shih, arXiv:1112.3068 
[hep-ph]; O. Buchmueller et al., arXiv: 11 12.3564 [hep- 
ph]; S. Akula, B. Altunkaynak, D. Feldman, P. Nath 
and G. Peim, Phys. Rev. D 85, 075001 (2012) 
[arXiv:1112.3645 [hep-ph]]; M. Kadastik, K. Kannike, 
A. Racioppi and M. Raidal, arXiv:1112.3647 [hep- 
ph]; C. Strege, G. Bertone, D. G. Cerdeno, M. For- 
nasa, R. R. de Austri and R. Trotta, JCAP 1203, 
030 (2012) [arXiv:1112.4192 [hep-ph]]; N. Karagiannakis, 
G. Lazarides and C. Pallis, arXiv:1201.2111 [hep-ph]; 
L. Aparicio, D. G. Cerdeno and L. E. Ibanez, JHEP 1204, 
126 (2012) [arXiv: 1202.0822 [hep-ph]]; L. Roszkowski, 
E. M. Sessolo and Y. L. Tsai, arXiv: 1202. 1503 [hep-ph]; 
C. Balazs, A. Buckley, D. Carter, B. Farmer and M. White, 
arXiv: 1205. 1568 [hep-ph]. 

13. V. S. Kaplunovsky and J. Louis, Phys. Lett. B 306 
(1993) 269 [hep-th/9303040]; A. Brignole, L. E. Ibanez 
and C. Munoz, Nucl. Phys. B 422 (1994) 125 [Erratum- 
ibid. B 436 (1995) 747] [hep-ph/9308271]; S. Ferrara, 
C. Kounnas and F. Zwirner, Nucl. Phys. B 429 (1994) 
589 [Erratum-ibid. B 433 (1995) 255] [hep-th/9405188]; for 
soft terms including D-term contributions, see e.g. E. Du- 
das and S. K. Vempati, Nucl. Phys. B 727 (2005) 139 
[hep-th/0506172]. 

14. J. R. Ellis, K. A. Olive, Y. Santoso and V. C. Spanos, Phys. 
Lett. B 573 (2003) 162 [arXiv:hep-ph/0305212], and Phys. 



Dudas et al.: Relating the CMSSM and SUGRA models 



15 



Rev. D 70 (2004) 055005 [arXiv:hep-ph/0405110]. 

15. G. F. Giudice and A. Masiero, Phys. Lett. B 206, 480 
(1988). 

16. I. Antoniadis, E. Gava, K. S. Narain and T. R. Taylor, 
Nucl. Phys. B 432 (1994) 187 [hep-th/9405024]. 

17. Information about this code is available from K. A. Olive: 
it contains important contributions from T. Falk, G. Ga- 
nis, A. Mustafayev, J. McDonald, K. A. Olive, P. Sandick, 
Y. Santoso and M. Srednicki. 

18. S. Heinemeyer, W. Hollik and G. Weiglein, Comput. 
Phys. Commun. 124 (2000) 76 [arXiv:hep-ph/9812320]; 
S. Heinemeyer, W. Hollik and G. Weiglein, Eur. Phys. J. 
C9 (1999) 343 [arXiv:hep-ph/9812472]. 

19. Tevatron Electroweak Working Group and the CDF and 
DO Collaborations, arXiv:0903.2503 [hep-ex]. 

20. C. Amsler et al. [Particle Data Group], Phys. Lett. B 667, 
1 (2008). 

21. J. Ellis, A. Mustafayev and K. A. Olive, Eur. Phys. J. C 
69, 201 (2010) [arXiv: 1003.3677 [hep-ph]]. 

22. L. Calibbi, Y. Mambrini and S. K. Vempati, JHEP 0709, 
081 (2007) [arXiv:0704.3518 [hep-ph]]; L. Calibbi, A. Fac- 
cia, A. Masiero and S. K. Vempati, Phys. Rev. D 74, 
116002 (2006) [arXiv:hep-ph/0605139]; E. Carquin, J. El- 
lis, M. E. Gomez, S. Lola and J. Rodriguez-Quintero, 
JHEP 0905 (2009) 026 [arXiv:0812.4243 [hep-ph]]. 

23. E. Cremmer, S. Ferrara, C. Kounnas and D. V. Nanopou- 
los, Phys. Lett. B 133, 61 (1983); J. R. Ellis, C. Kounnas 
and D. V. Nanopoulos, Nucl. Phys. B 247, 373 (1984). 

24. J. R. Ellis, D. V. Nanopoulos and K. A. Olive, Phys. Lett. 
B 525, 308 (2002) [arXiv:hep-ph/0109288]; M. Schmaltz 
and W. Skiba, Phys. Rev. D 62, 095005 (2000) [arXiv:hep- 
ph/0001172]; M. Schmaltz and W. Skiba, Phys. Rev. D 62, 
095004 (2000) [arXiv:hep-ph/0004210]. 

25. J. Ellis, A. Mustafayev and K. A. Olive, Eur. Phys. J. C 
69, 219 (2010) [arXiv: 1004.5399 [hep-ph]]. 

26. R. Arnowitt and P. Nath, Phys. Rev. D 46 (1992) 3981; 
V. D. Barger, M. S. Berger and P. Ohmann, Phys. Rev. D 
49 (1994) 4908 [arXiv:hep-ph/9311269]. 

27. W. de Boer, R. Ehret and D. I. Kazakov, Z. Phys. 
C 67 (1995) 647 [arXiv:hep-ph/9405342]; D. M. Pierce, 
J. A. Bagger, K. T. Matchev and R. J. Zhang, Nucl. Phys. 
B 491 (1997) 3 [arXiv:hep-ph/9606211]. 

28. M. Carena, J. R. Ellis, A. Pilaftsis and C. E. Wagner, Nucl. 
Phys. B 625 (2002) 345 [arXiv:hep-ph/0111245]. 

29. M. Misiak et al, Phys. Rev. Lett. 98 (2007) 022002 
[arXiv:hep-ph/0609232]; M. Ciuchini, G. Degrassi, 
P. Gambino and G. F. Giudice, Nucl. Phys. B 534 (1998) 
3 [arXiv:hep-ph/9806308]; G. Degrassi, P. Gambino 
and G. F. Giudice, JHEP 0012 (2000) 009 [arXiv:hep- 
ph/0009337]; M. S. Carena, D. Garcia, U. Nierste 
and C. E. M. Wagner, Phys. Lett. B 499 (2001) 141 
[arXiv:hep-ph/0010003]; G. D'Ambrosio, G. F. Giudice, 
G. Isidori and A. Strumia, Nucl. Phys. B 645 (2002) 155 
[arXiv:hep-ph/0207036]; The Heavy Flavor Averaging 
Group, D. Asner et al., arXiv: 1010. 1589 [hep-ex], with up- 
dates available at http://www.slac.stanford.edu/xorg/ 
hf ag/osc/end_2009 . 

30. G. Bennett et al. [The Muon g-2 Collaboration], Phys. Rev. 
Lett. 92 (2004) 161802, [arXiv:hep-ex/0401008]; and Phys. 
Rev. D 73 (2006) 072003 [arXiv:hep-ex/0602035]. 

31. J. R. Ellis, K. A. Olive and E. Vangioni, Phys. Lett. 
B 619, 30 (2005) [arXiv:astro-ph/0503023]; D. G. Cer- 
deno, K. Y. Choi, K. Jedamzik, L. Roszkowski and 



R. Ruiz de Austri, JCAP 0606, 005 (2006) [arXiv:hep- 
ph/0509275]; K. Jedamzik, K. Y. Choi, L. Roszkowski and 
R. Ruiz de Austri, JCAP 0607, 007 (2006) [arXiv:hep- 
ph/0512044]; R. H. Cyburt, J. R. Ellis, B. D. Fields, 
K. A. Olive and V. C. Spanos, JCAP 0611, 014 (2006) 
[arXiv:astro-ph/0608562]. J. Pradler and F. D. Steffen, 
Eur. Phys. J. C 56, 287 (2008) [arXiv:0710.4548 [hep- 
ph]]; M. Pospelov, J. Pradler and F. D. Steffen, JCAP 
0811, 020 (2008) [arXiv:0807.4287 [hep-ph]]; S. Bailly, 
K. Jedamzik and G. Moultaka, Phys. Rev. D 80, 063509 
(2009) [arXiv:0812.0788 [hep-ph]]; S. Bailly, K. Y. Choi, 
K. Jedamzik and L. Roszkowski, JHEP 0905, 103 (2009) 
[arXiv:0903.3974 [hep-ph]]. 

32. J. R. Ellis, T. Falk and K. A. Olive, Phys. Lett. B 444 
(1998) 367 [arXiv:hep-ph/9810360]; J. R. Ellis, T. Falk, 
K. A. Olive and M. Srednicki, Astropart. Phys. 13 (2000) 
181 [Erratum-ibid. 15 (2001) 413] [arXiv:hep-ph/9905481]; 
R. Arnowitt, B. Dutta and Y. Santoso, Nucl. Phys. B 
606 (2001) 59 [arXiv:hep-ph/0102181]; M. E. Gomez, 

G. Lazarides and C. Pallis, Phys. Rev. D D61 (2000) 
123512 [arXiv:hep-ph/9907261]; Phys. Lett. B487 (2000) 
313 [arXiv:hep-ph/0004028]; Nucl. Phys. B B638 (2002) 
165 [arXiv:hep-ph/0203131]; T. Nihei, L. Roszkowski and 
R. Ruiz de Austri, JHEP 0207 (2002) 024 [arXiv:hep- 
ph/0206266]. 

33. J. Ellis and K. A. Olive, arXiv: 1202.3262 [hep-ph]. 

34. J. L. Feng, K. T. Matchev and T. Moroi, Phys. Rev. Lett. 
84, 2322 (2000) [arXiv:hep-ph/9908309], and Phys. Rev. 
D 61, 075005 (2000) [arXiv:hep-ph/9909334]; J. L. Feng, 
K. T. Matchev and F. Wilczek, Phys. Lett. B 482, 388 

(2000) [arXiv:hep-ph/0004043]. 

35. C. Boehm, A. Djouadi and M. Drees, Phys. Rev. D 
62, 035012 (2000) [arXiv:hep-ph/9911496]; J. R. El- 
lis, K. A. Olive and Y. Santoso, Astropart. Phys. 18, 
395 (2003) [arXiv:hep-ph/0112113]; J. Edsjo, M. Schelke, 
P. Ullio and P. Gondolo, JCAP 0304, 001 (2003) 
[arXiv:hep-ph/0301106]; J. L. Diaz-Cruz, J. R. Ellis, 
K. A. Olive and Y. Santoso, JHEP 0705, 003 (2007) 
[arXiv:hcp-ph/0701229]. 

36. M. Drees and M. M. Nojiri, Phys. Rev. D 47, 376 
(1993)[arXiv:hep-ph/9207234]; H. Baer and M. Brhlik, 
Phys. Rev. D 53, 597 (1996) [arXiv:hep-ph/9508321] and 
Phys. Rev. D 57, 567 (1998) [arXiv:hep-ph/9706509]; 

H. Baer, M. Brhlik, M. A. Diaz, J. Ferrandis, P. Mer- 
cadante, P. Quintana and X. Tata, Phys. Rev. D 63 

(2001) 015007 [arXiv:hep-ph/0005027]; A. B. Lahanas, 
D. V. Nanopoulos and V. C. Spanos, Mod. Phys. Lett. 
A 16 (2001) 1229 [arXiv:hep-ph/0009065]; A. B. La- 
hanas and V. C. Spanos, Eur. Phys. J. C 23 (2002) 185 
[arXiv:hep-ph/0106345]. 

37. J. R. Ellis, K. A. Olive and P. Sandick, Phys. Lett. B 
642, 389 (2006) [arXiv:hep-ph/0607002], JHEP 0706, 079 

(2007) [arXiv:0704.3446 [hep-ph]], and JHEP 0808, 013 

(2008) [arXiv:0801.1651 [hep-ph]]. 

38. K. Choi, A. Falkowski, H. P. Nilles and M. Olechowski, 
Nucl. Phys. B 718 (2005) 113 [arXiv:hep-th/0503216]; 
K. Choi, K. S. Jeong and K. i. Okumura, JHEP 0509 
(2005) 039 [arXiv:hep-ph/0504037]; M. Endo, M. Ya- 
maguchi and K. Yoshioka, Phys. Rev. D 72 (2005) 
015004 [arXiv:hep-ph/0504036]; A. Falkowski, O. Lebe- 
dev and Y. Mambrini, JHEP 0511 (2005) 034 [arXiv:hep- 
ph/0507110]; R. Kitano and Y. Nomura, Phys. Lett. B 
631 (2005) 58 [arXiv:hep-ph/0509039]; R. Kitano and 



16 



Dudas et al.: Relating the CMSSM and SUGRA models 



Y. Nomura, Phys. Rev. D 73 (2006) 095004 [arXiv:hep- 
ph/0602096]; A. Pierce and J. Thaler, JHEP 0609 (2006) 
017 [arXiv:hep-ph/0604192]; K. Kawagoe and M. M. No- 
jiri, [arXiv:hep-ph/0606104]; H. Baer, E.-K. Park, X. Tata 
and T. T. Wang, JHEP 0608 (2006) 041 [arXiv:hep- 
ph/0604253]; K. Choi, K. Y. Lee, Y. Shimizu, Y. G. Kim 
and K. i. Okumura, JCAP 0612 (2006) 017 [arXiv:hep- 
ph/0609132]; O. Lebedev, V. Lowen, Y. Mambrini, 
H. P. Nilles and M. Ratz, JHEP 0702 (2007) 063 
[arXiv:hep-ph/0612035]. 

39. N. Polonsky and A. Pomarol, Phys. Rev. Lett. 73, 2292 

(1994) [arXiv:hep-ph/9406224], and Phys. Rev. D 51 

(1995) 6532 [arXiv:hep-ph/9410231]. 

40. J. Ellis, A. Mustafayev and K. A. Olive, Eur. Phys. J. C 
71, 1689 (2011) [arXiv: 1103.5140 [hep-ph]]. 

41. H. Baer, M. A. Diaz, P. Quintana and X. Tata, JHEP 

0004, 016 (2000) [arXiv:hep-ph/0002245]. 

42. A. Linde, Y. Mambrini and K. A. Olive, Phys. Rev. D 85, 
066005 (2012) [arXiv:1111.1465 [hep-th]]. 

43. P. Moxhay and K. Yamamoto, Nucl. Phys. B 256 (1985) 
130; K. Grassie, Phys. Lett. B 159 (1985) 32; B. Gato, 
Nucl. Phys. B 278 (1986) 189. R. Barbieri and L. J. Hall, 
Phys. Lett. B 338 (1994) 212 [arXiv:hep-ph/9408406]; 
Y. Kawamura, H. Murayama and M. Yamaguchi, Phys. 
Rev. D 51 (1995) 1337 [arXiv:hep-ph/9406245]; H. Mu- 
rayama, M. Olechowski and S. Pokorski, Phys. Lett. B 
371 (1996) 57 [arXiv:hep-ph/9510327]. 

44. G. Senjanovic, arXiv:0912.5375 [hep-ph]. 

45. J. Ellis, K. Olive and Y. Santoso, Phys. Lett. B 539, 
107 (2002) [arXiv:hep-ph/0204192]; J. R. Ellis, T. Falk, 
K. A. Olive and Y. Santoso, Nucl. Phys. B 652, 259 
(2003) [arXiv:hep-ph/0210205]; H. Baer, A. Mustafayev, 

5. Profumo, A. Belyaev and X. Tata, Phys. Rev. 
D 71 (2005) 095008 [arXiv:hep-ph/0412059]; H. Baer, 
A. Mustafayev, S. Profumo, A. Belyaev and X. Tata, 
JHEP 0507 (2005) 065, hep-ph/0504001; J. R. Ellis, 
K. A. Olive and P. Sandick, Phys. Rev. D 78 (2008) 075012 
[arXiv:0805.2343 [hep-ph]]. 

46. F. Borzumati and T. Yamashita, Prog. Theor. Phys. 124, 
761 (2010) [arXiv:0903.2793 [hep-ph]]. 

47. O. Buchmueller, R. Cavanaugh, D. Colling, A. De Roeck, 
M. J. Dolan, J. R. Ellis, H. Flacher and S. Heinemeyer 
et al, Eur. Phys. J. C 71, 1583 (2011) [arXiv:1011.6118 
[hep-ph]]. 



